This study investigates the O 2 uncoupling properties of five different oxygen-carrier particles, consisting of combined oxides of CuO and Mn 3 O 4 . The oxygen carriers were produced by freeze granulation followed by calcination at 950°C for 6 hours. Particles with 5, 10, 20, 31 and 61 wt % CuO were examined in both inert (pure N 2 ) atmosphere and in the presence of solid fuel (wood char) at 750ºC. At this relatively low temperature during of fluidization with N 2 , the samples were capable of releasing gas-phase O 2 in concentrations up to 1%. During reduction with wood char in 15 g of oxygen carriers, some materials could release gaseous O 2 equal to 1.4 % of their total mass. By measuring the crushing strength and attrition index with a customized jet cup, the mechanical stability of these samples were compared. These measurements showed that, in general, samples with a higher CuO content were more mechanically stable. Based on XRD analysis of the oxygen carriers, the major phase transitions were Mn 2 O 3 ↔Mn 3 O 4 and combined spinel (Cu,Mn) 3 O 4 ↔CuMnO 2 . These transitions both provide a considerable amount of O 2 . It is concluded that the Cu-Mn-O system has considerable potential to be used as oxygen carrier in chemical-looping applications at lower temperatures, perhaps interesting for biofuel combustion.
§ Introduction
According to IPCC, the global surface temperature of the earth has increased in recent decades 1 .
Even slight rise in global temperature (i.e. global warming) could results in catastrophic climate changes. Carbon dioxide is one of the greenhouse gases (GHG) of which a large share of the emission (around 75%) is known to be anthropogenic 2 . Our dependency on fossil fuels as the primary energy source is the main reason for large anthropogenic CO 2 emissions. One way to mitigate CO 2 emissions from combustion of fossil fuels is carbon capture and storage (CCS). The purpose of CCS is to assure sequestration of CO 2 and store it away from the atmosphere for a sufficiently long time as to avoid buildup of excessive concentrations in the atmosphere.
Several methods have been proposed and investigated to capture the CO 2 produced from fossil fuel combustion. Among the more promising technologies is chemical-looping combustion (CLC). CLC is a process in which a metal oxide (or a combination of metal oxides) is circulating between two reactors. In the fuel reactor, the available oxygen of the metal oxide (usually referred to as oxygen carrier) is consumed by oxidation of injected fuel (reaction 1). Combustion air is passed through the air reactor where the depleted oxygen carrier particles are regenerated (reaction 2). Since O 2 is transported to the fuel by means of oxygen carrier particles, CO 2 and H 2 O are kept separate from flue gas components which originate from combustion air, primarily N 2 and excess O 2 (see figure 1) . Hence, there is no need for costly and energy intensive gas separation using this process in order to obtain CO 2 in pure form 3 . To facilitate the use of solid fuels in CLC,
Mattisson et.al devised an innovative method known as chemical looping with oxygen
uncoupling (CLOU) 4 . CLOU includes three steps; one in the air reactor and two in the fuel reactor. In the first step in the fuel reactor, the oxygen carrier releases gas-phase O 2 (reaction 3).
In the second step the O 2 reacts with combustible gas or char (reactions 4 and 5) . The third step is the same as in CLC where reduced oxygen carrier is re-oxidized with oxygen in the air reactor (reaction 6).
In the fuel reactor:
In the air reactor: The net reaction of CLOU (reactions 3-6) is the same as the reaction for normal combustion or for CLC.
Finding suitable oxygen carriers with high reactivity and decent mechanical strength is one of the main concerns of CLC/CLOU, and it is here where a lot of research has been conducted.
Different oxides of metals like copper, manganese, nickel and iron have been examined by many CLC researchers [5] [6] [7] [8] [9] . The selection of oxygen carriers depends on the fuel and conditions of the system. High reactivity in reduction and oxidation reactions, resistance to fragmentation, attrition and agglomeration, low production cost and environmental impacts and high oxygen transfer capacity are some of the criteria that feasible oxygen carrier materials should fulfill. Of course oxygen carriers for CLOU need to have the special feature of releasing sufficient amount of gas phase oxygen 10 . Because of the limited research conducted with respect to combined oxides of Cu and Mn, and inlight of the promising results found by Azad et al., the aim of the current study was to investigate the behavior of Cu-Mn oxides using different ratios of Cu/Mn, and to establish the viability of this system with respect to CLOU for solid fuels.
§ Experimental Experimental set up
All the experiments were performed in a straight fluidized-bed reactor with a total length of 820 mm and a quartz porous plate of 22 mm in diameter placed 370 mm from the bottom. Two
Pentronic CrAl/NiAl thermocouples enclosed in quartz tubes inside the reactor measured the temperature 5 mm under and 10 mm above the porous quartz plate. The temperature presented in the paper is the set-point temperature, i.e. the temperature at the beginning of the reduction, as measured by the upper thermocouple.
In order to monitor the O 2 release of the different samples at different temperatures, a test protocol with stepwise temperature increase (600, 700, 750 and 800ºC) was devised. For experiments with inert (N 2 ) gas, a sample of 15 g oxygen carriers with the size of 125-180 µm was placed on the porous plate. The reactor was heated up to the desired temperature in a 900 mL n /min flow of 5% O 2 in nitrogen (oxidation period). When particles were adequately oxidized they were reduced by 600 mL n /min of pure N 2 (inert period). The particles were exposed to consecutive cycles of oxidizing and inert periods at these temperatures. Details of the experimental scheme are presented in Table 1 . For solid fuel experiments, a sample of 15 g oxygen carrier particles with a size of 125-180 µm was heated to 750°C in a flow of 1000 mL n /min of a gas mixture consisting 5% O 2 and 95% N 2 .
The particles were then alternatingly exposed to this O 2 /N 2 mixture and reducing periods with solid fuel. The reducing period was carried out using wood char as the solid fuel introduced to the bed of oxygen carrier particles. During reducing periods the reactor was fluidized with 900 6 mL n /min of pure N 2 . Throughout the reducing period 300 mL n /min of inert sweep gas, N 2 , was also introduced to the system at the top of the reactor together with the solid fuel to ensure that the pulverized fuel did not get stuck in the feed line. This sweep gas did not enter the hot reaction zone. The oxidation and the reduction periods were separated by an inert period during which the sample was fluidized with 900 mL n /min of pure N 2 for 60 s. This was in order to prevent mixing of oxygen and combustibles. After the solid fuel cycles, the experiments were ended by an extended period during which the particles were exposed to 600ml/min flow of N 2 at 750°C. This period lasted until no O 2 could be observed in the outgoing gas. The solid fuel used for these tests was wood char, see Table 2 . All the exhaust gases from the reactor passed through an electric cooler. After H 2 O condensation, the flue gas was led to a gas analyzer (Rosemount NGA-2000), which measures the concentration of CO, CO 2 , H 2 , O 2 and CH 4 . From high frequency measurements of the pressure drop over the bed, it was possible to see if the bed was fluidizing. Highly fluctuating pressure drop was interpreted as stable fluidization. In contrast, when the bed is defluidized the measured pressure drop is constant.
Oxygen carriers preparation
In this work five different CuO/Mn 3 O 4 combinations were examined, see Table 3 . The materials were produced using the following method. A water-based slurry of the raw materials (fine chemical powders, <10 µm) and a small amount of polyacrylic acid as dispersant were prepared by ball milling for 24 h. After milling, some polyvinyl alcohol was added to the slurry as a binder to hold the particles intact during freeze-drying and sintering. Spherical particles were then produced by freeze-granulation, i.e. the slurry is pumped to a spray nozzle, where atomizing air produce drops of the slurry, which are sprayed into liquid nitrogen, where they freeze instantaneously. The frozen water in the resulting particles is then removed by sublimation in a freeze-drier operating at a pressure that corresponds to the vapor pressure over ice at −10 °C.
7
After drying, the particles were divided into different batches, which were sintered at 950ºC for 6 hours in order to increase their mechanical and chemical integrity. Afterward they were sieved to a size range of 125-180 µm. A more detailed description of the freeze granulation method can be found elsewhere 26 . The bulk density of the fresh particles in the size range 125-180 µm was determined by measuring the mass and volume of a sample of material. The minimum fluidization velocity (u mf ) is calculated based on the relations by Kunii and Levenspiel 27 . The superficial velocity in the reactor system is approximately 0.17 m/s for the oxidation period and 0.11 m/s for the reducing period with N 2 as fluidizing gas. Oxygen carriers conversion is evaluated by using mass based conversion, ω, which is defined as the actual mass of oxygen carrier, m, divided by the mass of oxygen carrier in the fully oxidized state, m ox (equation 7).
In the N 2 period ω is calculated as a time integral of outgoing O 2 concentration (equation 8) .
In the solid fuel experiments the mass based conversion during reduction with wood char is described by means of equation 9 .
Where ω i is the mass-based conversion at a given time during a specific period i (oxidation or reduction), and ω i-1 is the mass-based conversion at the end of the previous period. t 0 
CLOU Properties
To investigate the CLOU properties of the particles, i.e. their ability to release gaseous O 2 at relevant temperatures, they were exposed to a reducing atmosphere provided by N 2 . To the best of our knowledge this is the first experimental study examining Cu-Mn-O with these approximate compositions (see Table 3 ) as oxygen carrier, so a prudent test protocol was devised to monitor their O 2 release at four different temperatures (600,700,750 and 800ºC). These temperatures could be relevant for biomass combustion, which is one of the intended objectives of studying these particles. As the temperature was raised the O 2 release increased as well. This behaviour was seen for all the samples tested in a very similar trend. Figure 2 shows the O 2 release of the C5M sample in N 2 atmosphere and regeneration in the following oxidizing atmosphere of 5% O 2 as a function of time at the four operating temperatures. At temperatures below 700ºC, there was no sign of gas-phase O 2 release and this was the case for all the samples. As the temperature was raised to 750ºC, particles began to release oxygen. For example, after 360 s C5M particles had released gaseous O 2 constituting 0.2 wt% of the sample at an O 2 partial pressure of 0.006 atm. O 2 release of C5M particles was highest at 800ºC, 0.43 wt% O 2 at P O2 =0.02 atm at the end of 360 s of the inert period, which should be adequate for CLOU applications. However, at 800ºC, the particles regeneration was problematic, as complete oxidation was not possible for all samples. In fact, C5M particles at 800 ºC released 0.43 wt% O 2 but could regenerated only 0.3 wt% of it during the following oxidation period. Moreover, at 800ºC some particles showed a tendency towards agglomeration and defluidization. Therefore, despite higher O 2 release at 800ºC compared to lower temperatures, this may be too high operation temperature for these kinds of materials. Thus, 750ºC was chosen as the temperature of operation for all the following experiments.
According to X-ray powder diffraction, the main phase transition in C5M during oxidation and reduction at 750ºC is between At the end of the 360 s the outlet concentration is almost 0.6%. Seemingly there is a short delay in its activation. Other samples had stable or decreasing reactivity with time. 
Solid fuel conversion
Although the uncoupling experiments with N 2 established that these materials have CLOU properties, an actively reducing atmosphere is required to reveal the true rate at which oxygen can be released from the particles. Hence each sample was examined with solid fuel experiments, in which 15 g of oxygen carrier
were reduced by wood char at 750ºC.
In order to be able to remove all the active O 2 from the oxygen carrier particles, injection of sufficient amount of solid fuel needs to be ensured. To this end, the amount of the fuel added to the reactor was gradually increased in several consecutive cycles, from 0.1 g to start with, up to the amount for which during the subsequent oxidation a clear CO 2 peak from the unburnt char 11 could be observed (0.5 g fuel for C5M and C10M, 0.3 g fuel for C20M and C31M and 0.7 g fuel for C61M particles). Observing CO 2 in the flue gas during the oxidation ensures that the oxygen carrier particles have in fact received an excess of solid fuel during the reduction period.
Depending on O 2 release ability of the samples and to ensure the reproducibility of the experiments, each fuel cycle was repeated at least three times. Hence, each sample experienced 3-6 consecutive solid fuel cycles. At constant conditions the cycle number was seen to have no considerable effect on the performance of particles.
Volume fraction of the product gases during a whole fuel cycle consisting of an oxidation period followed by a fuel and oxidation period for C5M particles is illustrated in figure 4 . The used wood char contained some volatiles as can be seen by the CO 2 peak and the release of CH 4 and CO initially. Some of the released volatiles react with the oxygen carrier and CO 2 increases rapidly. The CO 2 peak in the oxidation period after the fuel period is due to the reaction of the remained unreacted char and the incoming oxygen. The outlet gas concentrations as a function of time in a 300 s interval immediately after the fuel introduction for the C5M, C31M and C61M particles are illustrated in figure 5 . When the fuel is introduced to the reactor at 750ºC the volatiles are released in a few seconds. In the initial stages the released volatiles provide a condition under which oxygen carriers are stimulated to release more O 2 , either by lowering the oxygen concentration in the reactor (indirect reaction) or by consuming oxygen more rapidly than it can be released (direct reaction), resulting in a high rate of reaction.
When fuel devolatilization is completed, the remaining char is only consumed by reaction with the oxygen released from the oxygen carrier. Since the fluidizing gas is nitrogen, there is no or very little gasification taking place. Thus, the CO 2 concentration out of the reactor is a measure of the oxygen release rate from the particles.
After 20 s the devolatilization was over and in case of C5M and C61M particles CO 2 started an increasing trend again, which is likely due to the temperature increase in the bed, reaching a maximum of 775ºC. The temperature increase is because the overall reaction when O 2 is released from the particles and reacts with char is exothermic. This temperature increase could establish a positive feedback mechanism, in which the temperature increase promote the release of O 2 to the gas phase, and hence result in higher rate of char conversion which consequently leads to increased temperature.
The fuel periods last until no CO 2 was detected in the outlet gases, meaning that all available oxygen for the CLOU process has been utilized for combustion. As seen, CO 2 concentration and temperature increase during reduction of C31M particles is significantly lower than the C5M and C61M samples. This could to some extent be due to lack of positive feedback via the mechanism explained above. Basically, the low reactivity in the beginning of the reduction period does not result in increased reactor temperature and improved conditions for O 2 release. The CO 2 concentration as a function of oxygen carrier mass conversion during the whole fuel period for all the samples is presented in figure 6 . As can be seen, the C5M, C10M and C61M samples with Δω equal to 1.4 % had similar mass and CO 2 conversion during the fuel periods. On the other hand, 20M and C31M with O 2 release ≈1 wt% showed less reactivity. In figure 6 , value of the minimum weight ratio of oxygen carrier-to-fuel required to achieve complete combustion of char, Min OC/Fuel , is reported for each material. The amount of the fuel burnt by the released O 2 from the oxygen carrier particles was calculated by subtracting the weight of the unreacted char from the weight of injected fuel. The amount of unreacted char could be calculated from the total CO 2 released during the oxidation period after each reduction period.
As mentioned above, solid fuel experiments provide a method of obtaining the oxygen capacity and the maximum rate of oxygen release, something which is more difficult using only N 2 , where the reaction rate may be limited by thermodynamic constraints, see Figure 3 . This can be seen in figure 7 , which compares the average rate of mass-based conversion of the samples at 750ºC during fluidization with N 2 , with and without wood char addition. In figure 7 , the graph illustrating reaction rate during reduction by pure N 2 refers to the extended period after the solid fuel experiments during which the particles were exposed to a 600 ml/min flow of N 2 . This period lasted until no O 2 could be observed in the outgoing gas, at which point it was assumed that the 15 particles had been reduced as much as it is possible at these operating conditions. Here, the rate is derived from the total amount of oxygen released during the whole reduction period for both cases. As can be seen in Figure 7 there is a substantial difference between the two cases. Most of samples are reduced almost three times as fast when wood char is present, compared to the N 2 periods. Although the reactivity variance of the samples in solid fuel experiment is larger, nevertheless both graphs show the same trend. Under both conditions C5M particles produce O 2 at a higher rate than others. As the CuO content increase from 5 to 31 wt% the reactivity follows a decreasing trend (from 0.066 to 0.02 %/min). As the CuO was doubled from 31 to 61 wt%, the O 2 release doubled as well. It should be mentioned that in Figure 7 , the actual conversion level where the rates are obtained varies and depends upon the time period under reduction (char or inert nitrogen), but the figure illustrates the higher rates obtained once char is introduced to the bed of particles.
§ Oxygen carrier characterisation
The analysis of the phase composition of the oxygen carrier particles was performed on a Siemens D5000 powder X-ray diffractometer (Cu Ka1, k = 1.54056 Å). X-ray spectra of samples oxidized in 5% O 2 and fully reduced by pure N 2 at 750ºC are presented in figure 8 . As can be seen in Figure 8, The shape and morphology of the particles, oxidized at 750ºC, were observed using a FEI, Another important property of particles used as oxygen carriers is their resistance to mechanical attrition. In a fluidized bed, gas typically enters the bed via nozzles and often at very high velocities. Due to these gas jets weak particles can be subjected to fragmentation and by colliding with each other and with the reactor walls they may also be subjected to abrasion. Attrition resistance of selected samples was measured in a customized attrition test apparatus. The attrition test rig was based on the jet cup method, as described by Cocco et al 28 . A detailed description of the customized jet cup apparatus and method used can be found elsewhere 29 . After having been tested in several cycles of gaseous and solid fuel experiments, 5 g samples of each material composition were examined in attrition test rig for 1 h. Reported attrition index basically means the mass% of the sample which was elutriated as fines from the test rig after 1 h. Attrition and crushing strength tests results are presented in Figure 10 . 
